for the Nulliparous Pregnancy Outcomes Study: Monitoring Mothers-to-be BACKGROUND: Trophoblastic invasion of the uterine spiral arteries substantially increases compliance to accommodate increased blood flow to the placenta. Failure of this process impedes uterine artery blood flow, and this may be detected by uterine artery Doppler flow studies. However, the clinical utility of uterine artery Doppler flow studies in the prediction of adverse pregnancy outcomes in a general population remains largely unknown. OBJECTIVE: We sought to determine the utility of early secondtrimester uterine artery Doppler studies as a predictor of small-forgestational-age neonates. STUDY DESIGN: Nulliparous women with a viable singleton pregnancy were recruited during their first trimester into an observational prospective cohort study at 8 institutions across the United States. Participants were seen at 3 study visits during pregnancy and again at delivery. Three indices of uterine artery Doppler flow (resistance index, pulsatility index, and diastolic notching) were measured in the right and left uterine arteries between 16 weeks 0 days' and 22 weeks 6 days' gestation. Test characteristics for varying thresholds in the prediction of small for gestational age (defined as birthweight <5th percentile for gestational age [Alexander growth curve]) were evaluated.
Introduction
Doppler flow studies of fetal vessels during pregnancy are useful tools for assessing the physiology of the maternalfetal unit. The most commonly assessed fetal vessels are the umbilical artery and middle cerebral artery, for which Doppler flow studies are used in the assessment of fetal growth and fetal anemia, respectively. 1, 2 It has been suggested that Doppler studies of the maternal uterine arteries, which become substantially more compliant during pregnancy to accommodate increased blood flow to the placenta, may have clinical utility in the prediction of adverse pregnancy outcomes. However, the predictive capacity of these studies in unselected populations remains largely unknown, according to Sciscione and Hayes 3 for the Society for Maternal-Fetal Medicine.
In normal pregnancy, placental trophoblast cells invade the inner third of the myometrium and migrate the entire length of the maternal spiral arteries. Remodeling of these highresistance arteries results in a lowresistance and high-flow state in the intervillous space, optimizing delivery of oxygen and nutrients to the fetus. This change in resistance during pregnancy is reflected by a high diastolic velocity and continuous flow during diastole in uterine artery Doppler studies. 3 In women who develop adverse pregnancy outcomes attributed to placental dysfunction, there may be failure of trophoblast invasion of the uterine vasculature that results in retention of the muscle elastic coating of the spiral arteries and impedance to blood flow. [4] [5] [6] In the nonpregnant state, there is a rapid rise and fall in uterine artery flow velocity during systole and a "notch" in the descending waveform in early diastole. 6 During pregnancy, uterine artery compliance increases with resultant loss of the diastolic notch and decreased uterine artery resistance index (RI) and pulsatility index (PI). 3, 7 On average, the RI decreases from 0.8-0.63 and the PI from 2.0-1.3 by 18 weeks' gestation. 
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Abnormal uterine artery Doppler studies have been associated with subsequent adverse pregnancy outcomes including preeclampsia, fetal growth restriction, and perinatal mortality. 3, [9] [10] [11] [12] [13] In particular, models for predicting preeclampsia utilizing maternal clinical features, uterine artery Doppler studies, and maternal serum biomarkers are promising but may be too complex for widespread clinical application. 9, 13, 14 In one large retrospective cohort, uterine artery PI was able to predict 25-77% of growth-restricted babies delivering at various gestational ages at a 10% false-positive rate, 15 while another observational study using biophysical (ie, uterine artery Doppler studies) and biochemical markers at 19-24 weeks reported detection rates ranging from 100-42% for small-for-gestational-age (SGA) neonates delivered <32 to !37 weeks' gestation, respectively. 13 However, the predictive value of uterine artery Doppler testing in unselected groups of pregnant women appears to be low in systematic reviews of previous studies. 3, 9, 10, 16 Despite these conflicting data, many obstetricians continue to perform multiple Doppler studies of maternal and fetal vessels, including uterine artery Doppler studies, to identify women at risk of adverse pregnancy outcomes.
The Eunice Kennedy Shriver National Institute of Child Health and Human Development established the Nulliparous Pregnancy Outcomes Study: Monitoring Mothers-to-be (nuMoM2b) to investigate the underlying causes and pathophysiologic pathways associated with adverse pregnancy outcomes (eg, preterm birth, preeclampsia, fetal growth restriction) in nulliparous women.
17, 18 More than 10,000 women with singleton pregnancies were enrolled in nuMoM2b, which combined detailed demographic and medical information, clinical parameters, ultrasound measurements, genetics, biomarker measurements in biologic fluids, and psychosocial and behavioral measures in both prespecified and exploratory analyses to identify pregnant women at risk for adverse pregnancy outcomes. 17, 18 Uterine artery Doppler studies were performed for all nuMoM2b subjects during the second trimester of pregnancy to study the relationship between uterine artery compliance and adverse pregnancy outcomes attributed to placental dysfunction, including SGA birthweights and preeclampsia. The objective of the current analysis was to determine the utility of early secondtrimester maternal uterine artery Doppler study measures as predictors of SGA babies.
Materials and Methods
Nulliparous women with a viable singleton pregnancy were recruited during their first trimester into the nuMoM2b observational prospective cohort at 8 institutions across the United States. The datacoordinating and analysis center was RTI International (Research Triangle Park, NC). Each site's local governing institutional review board approved the nuMoM2b protocol and Flowchart of nuMoM2b study participants Women were enrolled into the nuMoM2b cohort between 6 weeks 0 days' and 13 weeks 6 days' gestational age (first study visit). Gestational dating was based on a documented ultrasound crown-rump length measurement by a certified nuMoM2b sonographer at the first study visit, and women were considered eligible for enrollment if they had no previous pregnancy that lasted !20 weeks based on self-report and review of available medical records. 18 Participants were evaluated at 3 study visits during pregnancy and again at delivery. Uterine artery Doppler studies were performed on all research subjects at the second study visit (16 weeks 0 days to 21 weeks 6 days) and repeated at the third study visit (22 weeks 0 days to 29 weeks 6 days) in women whose uterine artery Doppler study demonstrated a diastolic notch (any deflection from the baseline) at the second study visit. Certified sonographers performed the uterine artery Doppler studies via the transabdominal approach, and the transvaginal approach was used when transabdominal imaging was considered inadequate. The maternal uterine arteries were visualized at the lowest insonation angle achievable at the apparent crossover with the external iliac arteries. Since the placental implantation site can affect uterine artery waveforms, and uterine artery resistance has been reported to be higher when measured on the contralateral side to the placenta, both uterine arteries were sampled. 19, 20 Qualitative assessment of the flow velocity waveform (ie, notching present or absent) was performed as well as quantitative analysis of the depth of the diastolic notch RI ([maximum e minimum Doppler flow velocity]/maximum velocity) and PI ([maximum e minimum velocity]/mean velocity). 3, 7 Uterine artery Doppler images were reviewed centrally by nuMoM2b investigators for each sonographer before they were certified to perform uterine artery Doppler studies in nuMoM2b participants.
For the current analysis, we focused on the results of uterine artery Doppler studies performed between 16 weeks 0 days and 22 weeks 6 days (second study visit window plus 1 week), because the second study visit was delayed for some women. We selected second study visits for our analyses, because fetal anatomic evaluation usually is performed within this gestational age range in low-risk patients, and because earlier pregnancy biomarkers are more likely to yield effective strategies for preventing adverse pregnancy outcomes. Women were excluded from this analysis if the second study visit ultrasound demonstrated maternal bradycardia (<40 beats/min) or tachycardia (>130 beats/min), fetal demise, or major fetal structural malformations or hydrops; if the measures of interest were not available for both the left and right uterine artery Doppler studies; or if the visit was delayed by >1 week outside of the visit window (ie, >22 weeks 6 days). The primary outcome of this analysis was SGA defined as birthweight <5th percentile for gestational age at delivery based on Alexander fetal growth curves. 21 Receiver operating characteristic curves (ROC) were generated for depth of the diastolic notch, RI, and PI using the minimum value across right and left uterine arteries as the bilateral measure. Typical thresholds for the uterine artery Doppler measures (diastolic notch depth >1, 5, and 20 cm/s; RI >0.58; and PI >1.60) were evaluated. 3 In addition, threshold values optimizing the sum of sensitivity and specificity were determined and assessed. Test characteristics, including sensitivity, specificity, positive and negative predictive values, and likelihood ratios, were calculated for the thresholds on each of the measures in relation to the primary outcome. Areas under ROC curves (AUC) were estimated using the MannWhitney U statistics. Areas were compared using the method of DeLong et al. 22 Multiple logistic regression models were used to incorporate demographic variables into the prediction.
These variables, selected a priori, included maternal age, early pregnancy body mass index, race/ethnicity, smoking status in the 3 months preceding pregnancy, history of chronic hypertension, and pregestational diabetes. Logistic regression also was used to assess whether prediction could be improved by accounting for gestational age at the time of uterine artery Doppler assessment (considering a main effect and an interaction with the uterine artery Doppler measure). Secondary outcomes analyzed included: preeclampsia or gestational hypertension preceding labor, spontaneous preterm birth, and stillbirth. Definitions for preeclampsia and antepartum gestational hypertension in nuMoM2b have been published. 17 Briefly, antepartum gestational hypertension was defined as new-onset hypertension !140 mm Hg systolic or !90 mm Hg diastolic on 2 occasions at least 6 hours apart >20 weeks 0 days' gestation and prior to labor and delivery. Preeclampsia included eclampsia, mild and severe preeclampsia, and superimposed preeclampsia.
17 Spontaneous preterm births were defined as women who delivered at 20 weeks 0 days to 36 weeks 6 days secondary to preterm labor or preterm premature rupture of membranes. Stillbirth was a fetal death at an estimated gestational age of !20 weeks 0 days with Apgar scores of 0 at 1, 5, and 10 minutes with no other signs of life by direct observation.
Demographic characteristics of the nuMoM2b cohort were compared using c 2 tests for women with newborns who were SGA vs those who were not. Tests were performed at a nominal significance level of .05 and no correction was made for multiple comparisons. Software (SAS 9.3/9.4; SAS Institute Inc, Cary, NC) was used for analysis.
Results
A total of 10,038 women were enrolled into nuMoM2b from October 2010 through May 2014. Within this cohort, 8050 women underwent successful uterine artery Doppler studies between 16 weeks 0 days and 22 weeks 6 days and were known to have delivered at !20 weeks' gestation, making them eligible for this analysis (Figure 1) . The Supplemental Figure 1 for the women included for each of the pregnancy outcomes studied in this analysis, specifically: the primary outcome of SGA (N ¼ 8024), spontaneous preterm birth (N ¼ 8046), hypertensive disorders of pregnancy (N ¼ 8033), and stillbirth (N ¼ 8050). Demographic and clinical characteristics were compared between women who delivered SGA babies (N ¼ 358, 4.5%) and women who delivered babies with birthweights >5th percentile for gestational age at delivery (N ¼ 7666) ( Table 1) . SGA birthweights were associated with maternal race/ethnicity, early pregnancy body mass index, and smoking status in the 3 months before pregnancy at P < .05, but not with maternal age, a history of chronic hypertension, or pregestational diabetes.
Overall, a diastolic notch was detected in the left uterine artery of 30.6% of participants, while a diastolic notch was detected in the right uterine artery of 25.5% of participants. In the nuMoM2b cohort, placental implantation was reported as left-sided in 18.0%, right-sided in 23.6%, and neither in 58.4% of participants. Descriptive statistics for uterine artery Doppler measurements (early diastolic notch, RI, and PI) between 16 weeks 0 days and 22 weeks 6 days are listed in Table 2 .
To determine the ability of uterine artery Doppler screening during this period to predict SGA babies, ROCs were constructed and optimal cutoff values were identified for depth of the diastolic notch, RI, and PI using bilateral measures ( Figure 2 ). The AUC ranged from 0.56-0.62 for diastolic notch depth, RI, and PI. Based on the ROC analyses, optimal thresholds were identified. The thresholds that were analyzed were: (1) early diastolic notch depth !1, 5, and 10 cm/s in both uterine arteries; (2) RI !0.58, 0.59 in both uterine arteries; and (3) PI !0.98, 1.60 in both uterine arteries. 3, 23 The presence of an early diastolic notch in both arteries also was analyzed. With the exception of 10 cm/s for early diastolic notch depth, the thresholds listed above for the uterine artery Doppler indices were all associated with birthweights <5th percentile for gestational age at delivery (P < .0001 for each). Test characteristics are listed in Table 3 . The negative predictive values for the uterine artery Doppler measurements were all >90%. However, positive predictive values were all <15%. Positive likelihood ratios for uterine artery Doppler measurements were all <3.50 (Table 3) .
Logistic regression models for SGA using the demographic characteristics listed in Table 1 were fit to the data with and without inclusion of the uterine artery Doppler flow velocity measures. The predicted probability of SGA from each of these models was then used to construct the ROC shown in Figure 3 . 
Receiver operator characteristic curves demonstrating uterine artery Doppler thresholds
Receiver operator characteristic (ROC) curves were generated to demonstrate ability of uterine artery Doppler measurements to predict small for gestational age (birthweight <5th percentile for gestational age at delivery). A, Contrasts diastolic notch depth, resistance index (RI), and pulsatility index (PI) on continuous scales. B, Contrasts diastolic notch depth thresholds. C, Contrasts RI thresholds. D, Contrasts PI thresholds. Suggested thresholds are from literature. Optimized thresholds are those maximizing sum of sensitivity and specificity. The AUC for maternal demographic variables alone was 0.61, and the AUCs for each uterine artery Doppler measure plus maternal demographic variables ranged from 0.63-0.66. There was no improvement in the prediction by accounting for the gestational age at the time of the uterine artery Doppler assessment.
The incidence of secondary outcomes was: preeclampsia/antepartum gestational hypertension (1043/8033 ¼ 13.0%), spontaneous preterm birth (397/8046 ¼ 4.9%), and stillbirth (34/ 8050 ¼ 0.4%). Because the number of participants with these secondary outcomes was relatively low, additional subset analyses based on severity of preeclampsia/antepartum gestational hypertension and gestational age at delivery were not performed. For preeclampsia/ antepartum gestational hypertension, ROC using the uterine artery Doppler measurements yielded AUC 0.55; for spontaneous preterm birth, ROC yielded AUC 0.52; and for stillbirth, ROC yielded AUC 0.60 (data not shown). Cutoffs for early diastolic notch depth, RI, and PI were evaluated for the 3 secondary outcomes, and test characteristics are listed in Table 4 . The negative predictive values for the uterine artery Doppler measurements for all 3 secondary outcomes were >87%, but positive predictive values were <22%, and positive likelihood ratios were <2.00.
Predictive models that incorporated the maternal demographic variables yielded AUC 0.65 for preeclampsia/ antepartum gestational hypertension and 0.56 for spontaneous preterm birth. ROC that used maternal demographic variables and uterine artery Doppler measurements yielded AUC 0.66 for preeclampsia/antepartum gestational hypertension and 0.57 for spontaneous preterm birth. These models were not significantly better than the AUC based on demographic characteristics alone. There were too few stillbirths to incorporate the demographic characteristics into a predictive model.
Comment
In this large cohort of nulliparous women, abnormal uterine artery Doppler measurements obtained between 16 weeks 0 days and 22 weeks 6 days were associated with SGA defined as birthweight <5th percentile for gestational age at delivery (P values < .05). However, low positive predictive values (<15%) and positive likelihood ratios (<3.5) limited the predictive utility of the tests. This utility was not improved significantly even after adding maternal demographic variables into the predictive models. Low positive predictive values and positive likelihood ratios also limited the clinical utility of uterine artery Doppler measurements for predicting preeclampsia/gestational hypertension, spontaneous preterm birth, and stillbirth.
The major strength of this study is its generalizability for other general obstetric populationsea large number of nulliparous women (10,038) were enrolled into the nuMoM2b cohort at 8 institutions across the United States. Sonographers were certified centrally before performing the uterine artery Doppler studies, and maternal demographic characteristics and outcomes data were collected prospectively by certified research coordinators. Limitations of the study are: (1) 11.5% of participants in the nuMoM2b cohort did not undergo bilateral secondtrimester uterine artery Doppler studies (Supplemental Table) ; (2) the clinical utility of uterine artery Doppler studies were not analyzed in high-risk patient Previous studies performed primarily in Europe yielded strong associations between maternal uterine artery resistance and adverse pregnancy outcomes, including SGA neonates, but the clinical utility of uterine artery Doppler studies in predicting these adverse outcomes has not been determined. 3 Interestingly, higher levels of apoptosis and altered antioxidant defenses have been observed in placentas from pregnancies with high-resistance uterine artery flow. 24 However, a quantitative systematic review of early clinical studies using likelihood ratio as a measure of diagnostic accuracy concluded that uterine artery Doppler flow velocity has limited diagnostic accuracy in predicting preeclampsia, fetal growth restriction, and perinatal death. 16 In a recent, large retrospective study (N ¼ 23,894 participants), uterine artery PI at 19-24 weeks' gestation was associated with high detection rates for SGA neonates (<5th percentile) at a 10% false-positive rate. 15 The average PI in the SGA group was 1.1 AE 0.83, compared to 0.8 AE 0.53 in the average-forgestational-age group, but cutoffs and positive predictive values, which are needed to demonstrate clinical utility, were not reported. 15 In the largest prospective cohort (N ¼ 123,406 participants) in which uterine artery Doppler studies were performed, the sensitivity of uterine artery Doppler studies for predicting preeclampsia ranged from 28-70% (false-positive rate 5-10%) in women with clinical risk factors associated with preeclampsia.
14 In this study, biomarkers such as uterine artery PI, maternal serum placental growth factor, and soluble fms-like tyrosine kinase-1 levels strengthened the relationship between clinical risk factors and preeclampsia, but the investigators did not analyze the performance of uterine artery Doppler in the entire cohort. The same group of investigators performed other studies in which sequential biophysical and biochemical screening, including uterine artery Doppler studies, and maternal mean arterial pressure were performed at 19-24 weeks' and 32-36 weeks' gestation to successfully predict a high proportion of SGA neonates. 13, 25 Unfortunately, the combination of uterine artery Doppler studies with maternal clinical risk factors and serum biomarkers might be a prohibitive undertaking that limits its clinical applicability. Our study is different from previous studies in the following ways: (1) an unselected, general obstetrical population was recruited from multiple centers across the United States; (2) appropriate cutoffs were determined for 3 different uterine artery measurements (diastolic notching, RI, and PI); (3) bilateral studies were performed in all Receiver operator characteristic curves demonstrating the ability of uterine artery Dopplers to predict small for gestational age outcomes Receiver operator characteristic (ROC) curves were generated to demonstrate ability of uterine artery Doppler measurements and maternal demographic variables to predict small for gestational age (birthweight <5th percentile for gestational age at delivery). Demographic variables included in predictive model included early pregnancy body mass index, race/ethnicity, smoking, maternal age, chronic hypertension, and pregestational diabetes. A, Contrasts diastolic notch depth, resistance index (RI), and pulsatility index (PI) on continuous scales. B, Contrasts diastolic notch depth thresholds. C, Contrasts RI thresholds. D, Contrasts PI thresholds. Suggested thresholds are from literature. Optimized thresholds are those maximizing sum of sensitivity and specificity. AUC, area under receiver operator characteristic curve; GHTN, preeclampsia/antepartum gestational hypertension; LR, likelihood ratio; N, number positively screened (numbers vary slightly with outcome due to availability of information needed to define outcome); NPV, negative predictive value; PPV, positive predictive value; SB, stillbirth; SPTB, spontaneous preterm birth; UAD, uterine artery Doppler.
a Thresholds are from literature; b Thresholds are those maximizing sum of sensitivity and specificity on primary outcome, fetal growth restriction. ajog.org
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patients, and the more abnormal result was used in the analyses, since uterine artery flow may be lower contralateral to placental location; (4) 4 outcomes were studied: SGA, gestational hypertension/ preeclampsia, spontaneous preterm birth, and stillbirth; and (5) the analyses focused on the most clinically relevant aspects of the uterine artery studies: positive predictive values, AUC, and likelihood ratios. Based on our results, routine early second-trimester uterine artery Doppler screening in unselected nulliparous women did not accurately predict SGA babies, preeclampsia/gestational hypertension, or spontaneous preterm birth adequately to be considered clinically useful. Future studies should focus on the use of uterine artery Doppler studies in high-risk populations, either as a standalone test or in combination with maternal characteristics and biomarkers before therapeutic interventions are considered for those with abnormal results.
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